Abstract. Firstly, the paper established a finite element model for a steel motor shell and computed related modals, vibration velocities, stress and strain respectively. Computational results show that the flange and end shield of the motor shell had the maximum vibration velocities and strain because these locations lacked the reinforcing ribs, while the maximum stress was mainly at joints between different structures. Secondly, the steel material was replaced by the aluminum alloy. Mechanical parameters of the motor shell were recomputed and compared with those of the steel structure. Results show that modal frequency on each order increased, which is good for avoiding the structural resonance. In addition, the maximum stress of the structure decreased by 4.4 MPa, and the maximum strain decreased by 0.27 mm, which could effectively improve the fatigue characteristics of the motor shell under long-term excitation. Then, the boundary element method was used to compute radiation noises of the motor shell in far field, where the radiation noise presented an obvious directivity. Finally, the paper proposed a GA-BP neural network model to predict the radiation noise of the motor and compared the prediction results with the boundary element. In the whole analyzed frequency band, the maximum difference between the neural network prediction and the real values did not exceed 5 dB, indicating that it is feasible to predict radiation noises of the motor by the neural network. Additionally, experiments were also conducted and compared with two kinds of numerical methods. Methods proposed in this paper provide some references for realizing the rapid noise reduction and light weight of motors.
Introduction
Vibrations and noises of motors have become an important technical index to evaluate the quality of motor products. Modern motors have started the development towards high current, high flux density and light structure. Therefore, problems with vibrations and noises of motors become especially prominent [1, 2] .
The problem about vibrations and noises of motors is complex. Its research involves multiple disciplines such as electromechanics, electromagnetics, motor drive and control, mechanical vibration science, acoustics and mechanics [3] [4] [5] [6] . The purpose of acoustic design is mainly shown as follows: in order to effectively reduce vibrations and noises, it is necessary to take full account of requirements regarding motor vibrations and noises at the earliest stages of the structural design of a motor. At present, there are many researches on motor vibrations and noises, and have obtained some achievements. Islam [7] researched and analyzed noises and vibrations of a permanent magnet synchronous motor, while research results show that noises and vibrations are from electromagnetic vibration caused by electromagnetic forces. He [8] used the finite element method to analyze vibration characteristics of a motor and obtained sound field distribution of the motor through boundary element method. Fu [9] firstly computed the electromagnetic field of a U-shaped single-phase permanent magnet synchronous motor and obtained the electromagnetic force of stator based on the two-dimensional nonlinear finite element method, then used Workbench software to establish a 3D model of the motor. He also computed vibration displacement, velocity and acceleration under stator electromagnetic force through numerical simulation of vibration responses of the motor. Finally, Virtual.Lab was used to extract acoustic boundary element conditions and obtain sound pressure distribution in space and sound pressure frequency response characteristics. Such research laid a foundation for further optimizing and improving this kind of motor structures, which can reduce vibrations and noises of motors and improve working performance. Aiming at the problem that the finite element software ANSYS cannot directly obtain acoustic response characteristics and compare results with experimental data during motor noise analysis, Cui [10] proposed the method which conducts combined simulation with the acoustic analysis software Virtual.Lab. With a permanent magnet direct current motor as the example, a structural dynamic model based on ANSYS was established, vibration frequency response characteristics was computed and added into Virtual.Lab as the input boundary excitation condition, and sound pressure frequency response characteristics were computed by Virtual.Lab.
However, the mentioned researches mainly focused on vibration and acoustic radiation problems of structures in a motor, while rare researches reported vibrations and noises of the motor shell. The paper firstly made comparative analysis of vibration characteristics of a steel motor shell and an aluminum motor shell. Results show that the vibration of the aluminum motor shell obviously is better than that of the steel structure. Finally, an acoustic boundary element model was established to compute radiation noises of the aluminum motor shell. The computational result was compared with that of neural networks, while both of them had a good consistency. Two kinds of computational methods are mutually verified and provide an effective method for noise reduction design of a motor shell. Finally, experiments were also conducted and compared with two kinds of numerical methods to validate the reliability.
Finite element analysis of the steel motor shell
Solidworks is a type of three-dimensional design software based on Windows operation platform. The software is featured by a series of advanced three-dimensional design functions and tools such as complicated surface modeling, combination between solids and surfaces, and constraint assembly. Meanwhile, SolidWorks can realize the connection with Hypermesh. Established solid models can be input into Hypermesh for analysis without any modification, which cannot be prevailed by other types of softwares.
Among optional elements of mesh division, a tetrahedron element can be used for meshing of any solid model. However, a lot of elements may appear when the tetrahedron element is used for meshing of a solid model. This is caused by that small meshes must be used during meshing of a thin wall model, while large meshes may reduce mesh quality and result in inaccurately computational results. A motor shell is a thin-wall structure, so that the analyzed scale will be expanded greatly and computation can hardly be continued if a single solid mesh is used for structural dispersing. In order to ensure the computational accuracy and rationally control the computational scale, the paper applied hybrid elements for mesh division. Three-dimensional solid meshes were blended with the shell element. Finally, the finite element model of the motor was obtained, as shown in Fig. 1 . The model contains 103873 tetrahedron elements and 20398 triangular shell elements. Structures are made of steel. Therefore, elasticity modulus is 2.1e under the constraint status were solved, as shown in Fig. 2 . It is shown in the figure that mainly the endshield and flange of motors have an obvious vibration, because that these two structures lacked reinforcing ribs, while the vibration responses would be larger under the same excitation force. Full constraint was applied by bolts between the motor base and the ground, so that vibration responses were restrained. Therefore, the structural modals were presented, as shown in this figure. At two points of the motor finite element model, the vibration velocities in Fig. 3 were applied as the excitation respectively. As shown in the figure, the excitation lasted for 2 s, and a lot of peaks and valley values were presented in the vibration velocities. In Fig. 3(a) , the maximum vibration velocity is 5.2 mm/s, the minimum vibration velocity is -3.6 mm/s, and the vibration velocity fluctuated around 0 mm/s; during the first half of the excitation duration, the vibration velocity was relatively small, while the vibration velocity was relatively large during the second half of duration. Similarly, it is shown in Fig. 3(b) that the vibration velocity mainly fluctuated around 0 mm/s with the maximum value of 4.3 mm/s and minimum value of -3.7 mm/s; during the first half of the excitation duration, the vibration velocities were relatively large, which is opposite to the vibration velocity situation at Point 1. Based on above computation model, a vibration velocity contour of the motor shell under excitation can be obtained, as shown in Fig. 4 . Excitation was mainly applied on a lifting hook of the motor, so that the vibration velocity was large here. The flange of the motor shell had large vibration modal, so that the vibration velocity would be large under excitation. In the whole analyzed frequency band, the vibration velocities of the motor shell gradually increased. When the analyzed frequency is 80 Hz, 160 Hz and 240 Hz, the maximum vibration velocity was presented around the lifting hook. At 320 Hz, the maximum vibration velocity was presented at the flange.
The stress contour of the motor shell was extracted, as shown in Fig. 5 . It is shown in Fig. 5 that the maximum stress is presented at the position different from the position of the maximum vibration velocity. The maximum stress is presented at joints because stress concentration could easily be caused at these positions such as joints between base and ground, and the endshield. In addition, with increase of the analyzed frequency, the maximum stress of the motor also increased, while the maximum stress value was 74.6 MPa. Similarly, strain values of the motor under each frequency were also extracted, as shown in Fig. 6 . By comparing Fig. 4 and Fig. 6 , we can find that the strain distribution of the motor shell was similar to its velocity distribution. With increase of the analyzed frequency, the maximum strain on the motor surface gradually increased. When the analyzed frequency is 80 Hz, 160 Hz and 240 Hz, the maximum strain of the motor is mainly presented around the lifting hook. At 320 Hz, the maximum strain of the motor is presented at the flange, mainly because that the excitation was applied on the motor flange, while the flange with a smooth surface had large vibration response due to the lack of reinforcing ribs. 
Finite element analysis of the aluminum motor shell
Material parameters of the motor shell were replaced by the aluminum. Structural modals were recomputed and compared with those of the steel structure. Results are shown in Table 1 . It is shown in Table 1 that each modal frequency of the aluminum motor exceeded that of the steel structure. A high modal frequency could effectively avoid the structural resonance. A vibration modal contour of the aluminum structure was extracted, as shown in Fig. 7 . It is shown in Fig. 7 that obvious vibrations still appeared at the endshield and flange, which is consistent with the steel structure. When the analyzed frequency is below 294.6 Hz, with the increase of the analyzed frequency, the vibration displacement of the motor gradually decreased. When the analyzed frequency exceeded 294.6 Hz, the vibration displacement of the motor gradually increased with the analyzed frequency. Based on the computation model, a contour of vibration velocities of the motor shell can be obtained, as shown in Fig. 8 . The excitation was mainly applied on the lifting hook of the motor, so that the vibration velocities here were large. The flange of the motor shell had large vibration modals, so that vibration velocities were large under the excitation. This result is highly similar with that of steel structure mainly because only the material parameter was changed while the structural characteristic was not changed for the computational model. In the whole analyzed frequency band, the vibration velocity of the motor shell gradually increased. When the analyzed frequency is 80 Hz, 160 Hz and 240 Hz, the maximum vibration velocity is presented around the lifting hook. At 320 Hz, the maximum vibration velocity is at the flange. Compared with the vibration velocity contour of the steel structure, we can find that the vibration velocities of aluminum structure were much lower. Therefore, when the motor shell material was replaced by the aluminum alloy, the structural vibration would be obviously improved. The stress contour of the motor shell was extracted, as shown in Fig. 9 . It is shown in Fig. 9 that the maximum stress is at the position different from the position of the maximum vibration velocity. The maximum stress is mainly at the joints because the stress concentration could easily be caused at these positions such as the joints between base and ground, and the endshield. In addition, with the increase of the analyzed frequency, the maximum stress of the motor also increased, while the maximum stress value was 70.2 MPa. Compared with the maximum stress 74.6 MPa of the steel motor shell, the maximum stress decreased by 4.4 MPa. It can effectively improve the fatigue failure caused by too large motor shell stress. Similarly, strain values of the motor under each frequency were also extracted, as shown in Fig. 10 . By comparing Fig. 7 and Fig. 10 , we can find that the strain distribution of the motor shell was similar to the velocity distribution. With increase of the analyzed frequency, the maximum strain on the motor surface gradually increased. When the analyzed frequency is 80 Hz, 160 Hz and 240 Hz, the maximum strain of the motor is mainly around the lifting hook. At 320 Hz, the maximum strain of the motor is at the flange. This was mainly caused by that the excitation was applied on the motor flange, while the flange with a smooth surface had large vibration response due to the lack of reinforcing ribs. The maximum strain of the aluminum motor shell was 0.093 mm. Compared with the maximum strain 0.28 mm of the steel motor shell, the maximum strain decreased by 0.27 mm. Strain performance of the motor could be improved greatly. Through comparison of stress, strain, vibration velocity and modal, we can find that the mechanical performance was obviously improved after the aluminum alloy was used as the motor shell material. 
Prediction of radiation noises based on boundary element method
Vibration accelerations in time-domain and frequency-domain at four observation points of the aluminum motor shell were extracted, as shown in Fig. 11 . By comparing time-domain vibration accelerations at 4 points in Fig. 11 , we can find that the vibration accelerations have an obvious periodicity, while the vibration accelerations fluctuated around 0. Different from the time-domain vibration accelerations, the frequency-domain vibration accelerations had obvious differences in the whole analyzed frequency band. Obvious peaks were at the 4 positions around 2000 Hz-2500 Hz.
As shown in Fig. 12 , at the step 1, solid mesh division technology was used, and solid meshes could not be used as boundary elements, so that the original finite element model should be processed appropriately and transformed into a relevant acoustic boundary element model. The vibration frequency response characteristics of the motor, which was computed at the step 2, should be added in acoustic computation as the input boundary excitation condition of the acoustic boundary element model, so that shelling was implemented to the finite element model, and local characteristics which could only slightly influence the computational results of sound field outside the whole motor mechanism were further simplified. However, no processing is conducted to the nodes. In this way, node consistency between the finite element model and the boundary element model could be maintained, and thus accurate data input can be ensured. In addition, in the noise radiation computation of boundary elements, the refinement degree of elements depended on structural dimensions as well as the maximum frequency value obtained in pre-computation in the acoustic fluid domain. When element characteristic size is smaller than 1/6 of the sound wave length decided by the maximum concerned frequency, the computational accuracy of acoustic results could satisfy requirements. Based on comprehensive consideration for the computational accuracy, modeling complexity and probability in successful solution, the paper selected triangular elements for the motor shell to realize dispersing of the boundary element mesh model. The paper confirmed that the maximum element length applied by the acoustic boundary element mesh was 2 mm, so that the frequency accuracy of the model to be analyzed could be kept below 2500 Hz. The acoustic boundary element mesh model obtained according to the mesh division principles is shown in Fig. 13(a) . The model contains 10254 triangular elements and 11536 nodes.
Fig. 12. Analysis processes of acoustic boundary element
Both the structural vibration responses and the boundary element model were input into Virtual.Lab. After that, the structural vibration responses were mapped into the boundary element mesh. In this way, the boundary element mesh could obtain all the characteristics of structural vibrations, and vibro-acoustic coupling could be realized. With the motor center as the original point, a spherical mesh with radius of 1m was established as the field point, as shown in Fig. 13(b) . It was used to compute radiation noises of the motor, as shown in Fig. 14 . It is shown in Fig. 14 that the radiation noise contour was similar at each frequency point and showed certain directional distribution. Vibration velocities of the motor were distributed in a concentrated manner rather than a uniform way, so that the noise radiated by vibration had certain directivity. a) Boundary element meshes b) Field point meshes Fig. 13 . Models of boundary element meshes and field point meshes Sound pressure levels of 3 observation points in the field point model were extracted, as shown in Fig. 15 . It is shown in the figure that the sound pressure levels of 3 observation points basically showed the same changing trends. Only the observation point 1 had obvious peak noises at 2000 Hz-2500 Hz. 
Predication of radiation noises based on GA-BP neural networks
BP neural network [11] [12] [13] makes use of a learning method based on gradient descent and directional propagation, and aims to minimize mean square error of network output and training samples. Regarding capability of self-learning and generalization, it is especially applicable to solving problems with complex internal mechanisms. It is a currently mature artificial neural network with the most widely application. Nevertheless, BP network is deficient in that it can easily fall into local extremum; initial weight and threshold are random; stability is poor; convergence is low or even cannot be realized, etc.
Genetic Algorithm [14] [15] [16] (GA) adopts 3 main operators including selection, crossover and mutation to operate a population, where the individual information is exchanged by the operators; individuals in the population are optimized generation after generation; and optimal solutions are approximated step by step. GA-BP algorithm is an improved BP algorithm, where the initial weight is given by GA. It applies global search ability of GA to find the weight corresponding to initial sub-optimal solution of a network; then takes the weight as the network initial value; and finally uses the BP algorithm for network training to obtain the optimal solution. Algorithm processes are shown in Fig. 16 . It can very effectively prevent the network from falling into local minimum, accelerate convergence and make the network get rid of dependence on the initial value. Sound pressure levels of radiation noises are taken as network output. Objective parameters representing the sound pressure level are taken as network input. A GA-BP network is used to realize mapping from objective parameters to sound pressure levels. In this way, a prediction model of motor radiation noises can be established. Related theories show that a 3-layer BP network with one S-shaped hidden layer and a linear output layer can approximate all the functions. Therefore, the paper adopted a 3-layer neural network to establish the prediction model of radiation noises. 3 objective parameters were taken as the input. Sound pressure levels were taken as the output layer. There was one node. Based on hidden layer selection regulation and experimental results, the paper adopted 8 nodes for the hidden layer. Finally, a network topology structure was established, as shown in Fig. 17 . Logsig function was adopted for the network hidden layer. The purlin linear function was adopted for the output layer.
GA was used to train the network. Training errors are shown in Fig. 18 . It is shown in Fig. 18 that the neural network training region became stable when the iteration was conducted to the 80th step. At that time, the computational results could better satisfy actual situations. The trained neural network was then used to predict radiation noises of the motor. Predication results were compared with boundary element, as shown in Fig. 19 . It is shown in Fig. 19 that in the whole analyzed frequency band, prediction values of neural networks could coincide the computational values of boundary element method very well, while the maximum difference was not higher than 5 dB. This results show that it is feasible to predict motor radiation noises using the neural network. 
Experimental validation of radiation noises of the aluminum motor shell
In order to validate the computational result of radiation noises of the aluminum motor shell, the corresponding experiment was conducted in this paper. When the sound pressure level of radiation noises of the motor was tested, the motor and microphone were installed according to the latest requirements of ISO [17] . The experimental field and equipment were shown in Fig. 20 . In this figure, microphones were uniformly distributed on a hemisphere with a radius of 1m, and they were 0.25 m from the ground. The motor was fixed on the ground of semi-anechoic chamber, and it was located in the center of the hemisphere. Four microphones were arranged in the hemisphere. The size of the semi-anechoic chamber was 8.4 m×6.2 m×4.8 m. There were some serious requirements for background noises of the semi-anechoic chamber because background noises will affect the experimental accuracy. In the analyzed frequency band, the sound pressure level of background noises is at least 10 dB lower than that of the tested object. The background noise in this paper was shown in Fig. 21 . In the analyzed frequency band, the sound pressure level of background noises is less than -10 dB, which was more than the requirement of ISO standards.
The analysis showed that the tested radiation noise was not affected by background noises, and the experimental result was reliable. The experimental sound pressure level was compared with those of boundary element method and GA-BP neural network, as shown in Fig. 22 . As can be seen from this figure, the prediction results based on boundary element method and GA-BP neural network were reliable. 
Conclusions
Firstly, the paper established a finite element model for a steel motor shell and computed related modals, vibration velocities, stress and strain respectively. Computational results show that the flange and endshield of the motor shell had the maximum vibration velocities and strain becasue these locations lacked the reinforcing ribs, while the maximum stress was mainly at joints between different structures. Secondly, the steel material was replaced by the aluminum alloy. Mechanical parameters of the motor shell were recomputed and compared with those of the steel structure. Results show that modal frequency on each order increased, which is good for avoiding the structural resonance. In addition, the maximum stress of the structure decreased by 4.4 MPa, and the maximum strain decreased by 0.27 mm, which could effectively improve the fatigue characteristics of the motor shell under long-term excitation. Then, the boundary element method was used to compute radiation noises of the motor shell in far field, where the radiation noise presented an obvious directivity. Finally, the paper proposed a GA-BP neural network model to predict the radiation noise of the motor and compared the prediction results with the boundary element. In the whole analyzed frequency band, the maximum difference between the neural network prediction and the real values did not exceed 5 dB, indicating that it is feasible to predict radiation noises of the motor by the neural network. Methods proposed in this paper provide some references for realizing the rapid noise reduction and light weight of motors.
